Introduction
Ultrasonic waves have been widely used in nondestructive evaluation (NDE) of various materials. Infinitesimally small amplitude ultrasonic pulse waves are used in most conventional NDE methods. Conventional methods are useful for finding open cracks but cannot detect closed cracks. Recently, nonlinear ultrasonic (second-harmonic or subharmonic) pulse waves have been studied for use in NDE [1] [2] [3] [4] . The secondharmonic frequency component 2 f 0 is generated by the nonlinear vibrations at the contact of surface solids such as closed cracks when the finite-amplitude ultrasonic waves with a fundamental frequency component f 0 are transmitted; this phenomenon is known as the contact acoustic nonlinearity (CAN) [5] . We have carried out several studies on CAN, second-harmonic ultrasonic wave properties and their application [6] [7] [8] [9] .
The second-harmonic component is generated from not only dislocations or closed cracks but also the contact surfaces of solids such as transducers and material under test. However, it is difficult to distinguish the source of the secondharmonic components, so that flawless samples are apt to be misevaluated as defective. Recently, to prevent CAN at the interface between a transducer and a sample, noncontact ultrasonic wave excitation methods, such as those using an electromagnetic acoustic transducer (EMAT) [2] , and novel methods using a subharmonic ultrasonic wave that is not generated from a coupling agent have been proposed [3] . However, the use of EMAT is confined to conductive samples, and high-voltage electrical source for the excitation of subharmonic ultrasonic components are required. Therefore, the suppression of second-harmonic components generated from the contact between a transducer and a solid is required. We have already reported that the second-harmonic components generated from the contact surfaces could be suppressed using adhesive tape at various surface roughnesses and contact pressures [10] .
In this study, the adhesive tape was applied to bond a transducer and a sample. The purposes of this study are as follows: to suppress unwanted second-harmonic components generated from CAN at the interface between a transducer and a sample and to detect only a useful second-harmonic component generated from a closed-crack.
Experimental method
The experimental setup is shown schematically in Fig. 1 . Ten-cycle transmission sinusoidal burst voltage signals (burst duration: 10 ms) were generated using a function generator (Agilent, 33250A) and the signals were amplified to 130 V pp with a high-frequency power amplifier (Thamway, T145-4715B) and an electrical matching circuit (Thamway, T020-4734A). These signals were applied to the 1 MHz piezoelectric transmitting transducer, which was a piezoceramic (PbTiO 3 ) disk of 10 mm diameter (Fuji Ceramics, M6). To suppress second-harmonic components generated from the contact surfaces between the transducers and the sample, adhesive tapes of 10 mm thickness (Nitto Denko, LA-10), which are generally used for optical instruments or microelectronic devices, were employed.
Ultrasonic pulses of 1 MHz were transmitted through the glass. The second-harmonic components of the ultrasonic waves were generated by the nonlinear vibrations at the closed-crack and were received by the 2 MHz piezoelectric receiving transducer (Fuji Ceramics, M6). The received pulse waveforms were captured by a vector signal analyzer (Agilent, 89441A), and the second-harmonic components could be observed in real time using the FFT function. The directly received wave group (approximately 10 ms, nearly equal to the burst duration time of transmission voltage signal) was gated, and FFT was carried out. Finally, the received pulse waves and their spectra were digitized and fed to a personal computer via a general-purpose interface bus (GPIB).
The geometries of the glass plate are shown in Fig. 2 . The propagation distance of the ultrasonic waves was 40 mm. The closed crack was introduced 20 mm from the transducer.
Results and discussion
The spectra of the received waveforms in the glass blocks without and with a crack are shown in Figs. 2(a) and 2(b) , respectively. In the glass without a crack, second-harmonic components were rarely generated. Although the source of second-harmonic components was generated at the trans-Ã e-mail: mfukuda@gipc.akita-u.ac.jp ducer-glass contact, the second-harmonic components were suppressed to about 60 dB by the adhesive tape. Secondharmonic components less than 60 dB should be generated during ultrasonic propagation, which is related to the nonlinearity parameter [11] . As the propagation length is large, the second-harmonic component also cumulatively increases. In our study, propagation lengths of the glass blocks with and without crack are the same; therefore, the second-harmonic component for the nonlinearity parameter would also be the same. As another reason, some second-harmonic components are included in the transmission voltage signals. They are also transmitted and received.
On the other hand, in the glass with a closed-crack, second-harmonic components were generated at the closed crack. Since the second-harmonic components generated at the transducer-glass contact were suppressed by the adhesive tape, an increase by 13 dB of the second-harmonic component could be observed as compared with the crack-free glass.
In general, since gel or grease is used as the thin acoustic coupling agent between a transducer and a sample, secondharmonic components generated from the interface are greatly generated [8, 9] . Therefore, flawless samples are apt to be misevaluated as defective. In the case of a noncoupling agent, echo-gel, grease, or adhesive tape is used in the interface between glass blocks; the spectra of their transmission waveforms are shown in Fig. 3 . It was also confirmed that the adhesive tape could suppress the generation of secondharmonic waves, as shown in Fig. 3 . Thus, we considered that the CAN of solid surfaces was suppressed by the adhesive tape. On the other hand, the nonlinear parameter of the wave propagation of the adhesive tape should be smaller than that of echo-gel and grease; the second-harmonic components generated in the adhesive tape were also smaller than those generated in the echo-gel and grease. Measurements of the acoustical characteristics, such as the sound velocity, the attenuation and the acoustic characteristic impedance, and the nonlinear parameter of the adhesive tape will be required in the future.
Our adhesive tape method will be useful for condition monitoring using second-harmonic ultrasonic waves, because unwanted second-harmonic components can be suppressed and only the useful second-harmonic component is successfully detected. Moreover, adhesive tape can also be used as an acoustic coupling medium.
Conclusions
Unwanted second-harmonic components generated from CAN at the interface between a transducer and a sample were suppressed, and only a useful second-harmonic component of approximately 13 dB generated from a closed crack was clearly detected. The practical usefulness of adhesive tape for the suppression of second-harmonic components was also confirmed. In the future, it is expected that our method will be applied to NDE using nonlinear ultrasonic waves.
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